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Effective linkages between the extracellular matrix and
the cytoskeleton are crucial for cell migration. New
insights into the formation of these links are provided
by laser trap experiments and other recent advances.
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Cell migration has long intrigued and puzzled biologists.
Over a century ago, microscopic observations of motile
cells raised one of the earliest questions: ‘Why are they
moving?’ We now know that a concentration gradient of
small molecules recognized by receptors at the cell surface
can induce directed cell movement, in a process called
chemotaxis. Cells can also use another receptor-mediated
process, haptotaxis, to move along a gradient of adhesive
extracellular matrix (ECM) proteins. But how does the
cell’s molecular machinery propel it forward? New and
emerging technologies are now being used to address this
important and elusive question.
At the leading edge of a migrating cell, membrane
protrusions — broad, flattened lamellipodia and finger-
like filopodia — are formed over actin filaments oriented
with their rapidly polymerizing ‘plus’ ends pointing
towards the plasma membrane [1,2]. New polymerization
sufficient to cause membrane protrusion can be initiated
by signals transmitted through activated small GTPases,
which mobilize actin-binding proteins and cause rapid
exposure of actin filament plus ends [3]. Also located at
the filament plus ends are the integrins, transmembrane
receptors that connect ECM ligands outside the cell to the
actin filaments inside [4]. Binding of integrins to the ECM
substratum initiates the assembly of adhesion complexes.
This multistep assembly process has numerous facets,
including the clustering of integrins in response to ECM-
protein binding, assembly of cytoskeleton-associated
proteins around the integrin cytoplasmic tails, actin
filament reorganization, as well as protein phosphorylation
and other signaling events [4,5]. 
The binding of integrins to the ECM not only induces
formation of adhesion complexes but also directs the
choice between firm adhesion and cell movement. If
contacts between the cell and the substrate are too strong,
then the cell adheres and does not move. On the other
hand, the connections must be firm enough to pull the cell
forward. Palecek et al. [6] have demonstrated that there is
a direct relationship between maximum cell migration
speed, receptor and ligand concentrations, and the affinity
of the receptor for its ligand. If the ECM ligands are at
high concentrations, there must also be either low integrin
expression levels or low integrin–ligand affinities to
achieve maximum speed, and vice versa. So, migration
occurs at an intermediate level of cell adhesiveness. 
If an actin-based protrusion makes a productive contact
with the substrate, the cell can move forward. If attach-
ment does not occur, the protrusions are retracted away
from the leading edge by retrograde flow of actin fila-
ments. Recent evidence indicates that retrograde flow
depends on myosin activity, as it could be inhibited in the
growth cones of neurons from the sea slug Aplysia by
inhibitors of actin–myosin interactions but not by the
actin-depolymerizing drug cytochalasin [7]. Apparently,
both mechanical signals of actin–myosin contraction and
biochemical signals, such as protein phosphorylation gen-
erated in response to integrin occupancy and clustering,
participate in decisions about whether an ECM connec-
tion is suitable. The recent use of the laser-based optical
trap — ‘laser tweezers’ — by Choquet, Felsenfeld and
Sheetz [8,9] has provided new insights into how the cell’s
machinery works to interpret extracellular signals and adds
ECM rigidity to the list of parameters that a locomoting
cell uses to modulate its maximum speed. 
Laser tweezers are highly focused beams of laser light that
use the forces of radiation pressure to grasp and manipu-
late microscopic objects, which can include bacteria, cellu-
lar organelles and polystyrene beads. Taking full
advantage of the laser trap, Choquet et al. [9] have shown
that productive cell–ECM interactions elicit a reinforce-
ment of the ECM–integrin–cytoskeleton connections that
is proportional to the force applied on the extracellular
component of the linkage. While the idea of reinforcement
of connections is not novel, the availability of quantitative
data supporting the idea is new. To dissect the events
immediately following contact of the leading edge of the
cell with the ECM, Choquet et al. [9] mimicked the sub-
strate using beads coated with the ‘FN7–10’ cell-binding
fragment of the adhesive protein fibronectin. FN7–10
beads bind the a5b1 integrin and induce its clustering.
Beads coated with anti-b1 integrin antibodies were used for
comparison. Although the antibodies are also able to cluster
b1 integrins, they do not occupy the integrin’s ligand-
binding site, so integrin signaling (a result of ligand
binding) is not initiated. 
A bead, held in a laser trap of defined force, was placed on
the leading edge of a cell, connections between ligand and
receptor were allowed to form, and then the trap was
turned off and the force of retrograde flow was allowed to
move the bead toward the rear of the cell. This simple
first experiment identified an important difference
between ligand- and antibody-coated beads. Both low and
high concentrations of FN7–10 protein were sufficient to
allow bead attachment and movement, while only high
concentrations of antibody gave any rearward movement
(but only 50% of the beads moved). So, not only must the
integrin be clustered but its ligand-binding site must be
occupied in order for strong bead binding and movement.
Integrin receptor occupancy and clustering induce redis-
tribution of a distinct set of proteins to adhesion com-
plexes [10], which could provide signals allowing the cell
to distinguish between these beads. Does this affect the
connections?
To determine whether there are force-dependent changes
in the strength of bead attachment, an FN7–10 bead was
placed on a cell and held with the laser trap for up to
2 seconds before release, while another bead was held for
more than 10 seconds and allowed to escape from the force
field of the trap through the action of cellular machinery.
Once movement started, trap force was reapplied in order
to try to pull the bead back. Although beads held for
2 seconds or less could be displaced by the force of the
trap, beads that escaped a continuous trap could not, indi-
cating that the connections attaching the ‘escaped’ bead to
the cell had been ‘reinforced’ in some way. Restraining the
bead with the trap force-field apparently induces strength-
ening of the connections between beads, integrins and the
actin cytoskeleton within a matter of seconds. 
How much is the link strengthened? Traps of increasing
force were tested for their ability to displace moving
beads. Over a range of initial restraining forces between 2.5
and 15 pN, forces three times higher than the starting force
were needed to move the beads, showing that the level of
reinforcement is proportional to the force of the laser trap.
Clearly, the cell can sense the rigidity of the ECM (as
mimicked by the bead in the trap) and respond accord-
ingly. To probe the signal that promotes this rapid and
significant strengthening of the linkages, the effects of
inhibitors of kinase and phosphatase activity were deter-
mined. Only the tyrosine phosphatase inhibitor phenylar-
sine oxide was able to block bead escape from a continuous
trap, indicating a role for tyrosine dephosphorylation in the
reinforcement process. 
Reinforcement probably involves some combination of
events like those previously shown to be important for
integrin-mediated adhesion [4,5], such as increased
numbers of clustered receptors, recruitment of cytoskele-
ton-associated proteins, increased affinity of integrin for
ECM ligands, and biochemical modifications of the
components that link the receptors to the cytoskeleton
(Fig. 1). Clustering and recruitment would probably domi-
nate during the initial contact period, explaining some of
the differences in bead behaviors after release from a
2 second versus a continuous (more than 10 second) trap, as
well as between beads coated with high and low concentra-
tions of ligand. The effects of phenylarsine oxide also
indicate a major role for protein modification, however.
Protein phosphorylation plays a significant role in the
regulation of cell–ECM interactions. Indeed, phosphoryla-
tion–dephosphorylation cycles contribute to the formation
and stability of focal adhesion complexes, reorganization
of cytoskeletal and contractile proteins, and induction of
signaling cascades. Inhibitors of tyrosine kinases prevent
redistribution of some cytoskeletal proteins in response to
integrin clustering and occupancy [10]. Removal by gene
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A model of the steps in reinforcement of ECM–cytoskeleton linkages.
The ECM-coated bead (green) held by the laser trap (orange cone)
binds to integrins at the leading edge of the cell. While still within the
force-field of the trap, the ECM ligands on the bead induce integrin
clustering, which leads to recruitment of actin filaments (dark blue
lines) and cytoskeleton-associated proteins (orange) including
kinases and phosphatases. Protein phosphorylation (red dots) could
result in tighter association of components within the adhesion
complex. Similarly, signal-induced increases in integrin affinities
could reinforce integrin–ECM interactions. Phosphorylation of myosin
(mauve) promotes the assembly of actin–myosin complexes and
contraction, which could lead to bundling and further strengthening
of the cytoskeletal connections.
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targeting of focal adhesion kinase (FAK), the first kinase
to colocalize with clustered integrins, results in reduced
cell motility [11], while FAK over-expression has the
opposite effect [12]. Furthermore, focal adhesion
numbers can be manipulated in permeabilized cells by
decreasing protein phosphorylation with exogenously
added phosphatase [13]. Phosphorylation can also modu-
late actin filament organization in pathways involving
myosin assembly and contractility [5], Rho-kinase regula-
tion of myosin phosphatase [14], or actin depolymeriza-
tion modulated by the ADF/cofilin family of
actin-binding proteins [2]. In addition, the structure of the
ECM can have profound effects on actin rearrangements
and the redistribution of cytoskeletal proteins [15,16].
Changing the phosphoprotein balance with phosphatase
inhibitors could perturb any or all of these biochemical
and mechanical signals and thereby affect the integrity of
the linkages. 
Let us not forget that dynamics at the cell’s leading edge
must be coordinated with events at the rear of the cell in
order to allow forward movement [1]. This coordination
might be facilitated by mechanical connections extending
from integrins to the nucleus [17]. Clearly, multiple
signals must be interpreted and integrated in order for the
cell to migrate. One goal of future experiments with the
laser trap should be to provide quantitative information
about which of these signals mediates and modulates the
reinforcement process. 
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